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ABSTRACT 
 
Our international team has recognized a role that 
nanotechnology-based solutions can have on dy-
namic/damping systems in areas of transportation (aero-
space, automotive, railway and maritime). The novel con-
cept of nanoparticle-based damping technology shows 
that a molecule-level mechanism can considerably en-
hance vibration damping and dynamic of machine com-
ponents (such as fan blades or car dampers) via enhanced 
energy dissipation because of large surface-to-volume as-
pects in nanoparticle-reinforced composite material, large 
damping energy sources for friction and slip-stick motion 
at interfaces of matrix and nanoparticle. Thus carbon 
nanotube can act as a simple nanoscale damping spring in 
aerospace materials and is suggested for damping materi-
als of the next generation. The materials offer the poten-
tial to further reduce the mass and dimension, increase 
performance, and reduce vibrations in wide-ranging ap-
plications. The above issues are being analyzed and re-
viewed in the paper by means of comprehensive and as 
complete as possible expert views. The current research 
works concentrate on an investigation related to nanopar-
ticles/fibres/tubes-reinforced materials and coatings dy-
namic characterization and modeling of the fundamental 
phenomena that control relationships between structure 
and damping/mechanical properties of the materials.  
 
 
 
1. INTRODUCTION 
 
Vibrations and noise exist in almost every aspect of our 
life and are usually undesirable in engineering structures 
[1]. Vibrations are of concern in large structures such as 
civil (airbus A 380) or Rolls-Royce powered military air-
crafts [2, 3], as well as small structures such as electron-
ics [4]. Manufacturers have stated that for the next gen-
eration of transportation we need light-weight, cost-
effective and reliable vibration-absorbing materials [5, 6]. 
The most important parameters that affect vibration 
damping in aerospace-related structures are 1) tempera-
ture (ranged from –140oC in cryogenic applications and 
up to 600oC and higher), 2) rotational speed (up to 
10.000 rpm in turbine engines), 3) frequency and ampli-
tude of vibrations. 
 It is now accepted that nanotechnology may consid-
erably enhance strength/damping behaviour and reduce 
noise of engineering structures through the utilisation of 
nanomaterials that dissipate a substantial fraction of the 
vibration energy that they receive [7]. Carbon nanotubes 
are particularly promising cost-decreasing reinforcement 
material [8, 13].  Boron nitride or silicon carbide nano-
tubes are another possible candidate for aerospace mate-
rial reinforcement [2, 9]. The benefits that may be 
achieved by both carbon nanotubes in lower temperature 
damping applications and boron-nitride/silicon carbide 
nanotubes in high temperature aerospace applications 
may be very significant. The present paper will outline 
some preliminary efforts made by the institutions in this 
direction under EU programmes. The key goal of this 
communication is to provide a route map in the future re-
search and outline a project concentrated on the next gen-
eration industry-oriented nanotechnology-based solutions 
for enhanced vibration damping/dynamics performance. 
 
2. MANUFACTURING TECHNOLOGY,  
MATERIAL DESIGN AND APPLICATIONS 
 
Selection of engineering material for the future nanoparti-
cle-reinforced composite material is available from three 
types of solids that are metals, polymers and some ceram-
ics. Selected matrix will mostly determine mechanism of 
energy dissipation [10, 11]; however, small CNT volume 
(1-5%) may greatly affect material’s behaviour due to 
some extreme nanotube properties over traditional mate-
rials [5-12].  
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 Nanotube-metal matrix composite materials are still 
rarely studied [6, 13]. Most used metallic alloys are hard 
or soft materials such as titanium/nickel and alumin-
ium/bronze respectively. While titanium is stiff, light-
weight and good for high temperature applications such 
as turbine fan blades, car panels are made of light-weight 
and cheaper aluminium and its alloys.  Produced 
metal foams have excellent energy absorbing/damping 
properties over bulk material [14] and most likely are 
used for the next generation engineering. The CNT-
reinforced metal materials are generally prepared by stan-
dard powder metallurgy melting [16] or ultrasonic liquid 
infiltration method [15], but good mixing and dispersion 
of the nanotubes should be achieved. In this respect it 
would be worth producing CNT-reinforced metallic foam 
composites and investigate their damping/dynamics per-
formance.  
 Carbon nanotube-reinforced ceramic-matrix compos-
ite materials are a bit more frequently studied [17]; most 
successful efforts were made to obtain tougher ceramics 
(SiC, Al2O3, etc.) [37]. The composites can be processed 
by 1) mechanically mixed nanotubes with the matrix and 
then sintering [13, 37], melting [20] or spraying [18] of 
the particle mixture; 2) CVD deposited CNT-based thin 
films on SiC substrate (up to 50 µm) [19]; and 3) electro-
chemical processing such as micro-arc oxidizing of metal 
substrate in an liquid electrolyte with added nanoparticles 
[21]. Some ceramic coatings are successfully used to en-
hance damping of titanium fan blades [18] and therefore, 
would be recommended as a candidate matrix material, 
but dispersion and orientation of nanotubes in the matrix 
is yet out of some control. Bulk properties other than me-
chanical are also worth being investigated.  
 Nanotube-polymer composites are now intensively 
studied [22-29], notably epoxy- and polymethylmethacry-
late (PMMA)-matrix composites [25]; however, their 
damping behaviour is rather contradictory result than 
plausible information (see table 1). The ability of the 
polymer molecular chains to form large-diameter helices 
around individual nanotubes favours the formation of a 
strong bond with the matrix [36]. Selection of related 
manufacturing technologies is available from some well-
known in the aircraft industry that are 1) manually or ul-
trasonically melt mixing and extrusion of nanotubes and 
polymer-layered silicate [12, 22], 2) CNT-reinforced 
resin by using so-called calandering technique [23, 24], 3) 
polymerization of carbon fibre by interfacial polymeriza-
tion [26, 27].  
 Damping and integrity in nanocomposites have op-
posite requirements. Polymeric materials can provide en-
hanced damping over traditional metals and ceramics in 
normal environmental conditions, but their stiffness, per-
formance and durability is decreased at high temperatures 
(above 200oC) [28] to be improved by nanoparticles. 
High damping and increased stiffness of a material is the 
best option, but it is difficult to achieve due to some un-
certainties and poor fundamental knowledge on the added 
filler material. These require further optimization and tai-
loring for the next generation designs as a function of the 
number of parameters to be highlighted below. 
 
Table 1 Damping performance of CNT-reinforced 
polymeric materials 
Material Young modulus 
at 25oC, GPa 
Loss factor at 
25oC 
Epoxy resin  
Polyurethane at 
850Hz  
Epoxy adhesive 
filler  
3.1-3.4 [12, 19] 
0.3 [19] 
3 [19, 34] and 
0.00275 at 
850Hz [19] 
0.01 [12]* 
0.58 [19]** 
0.4 [19] 
1-5 wt% CNT-
matrix  
50-60 wt% 
CNT-matrix 
3.2-3.6 [23, 24],  
7.1-7.5 [35] 
0.08 [12] (* - 8 
times increase) 
Not tested 
MWNT-
reinforced thin 
film (no matrix) 
at 850Hz 
284 [19] 
Bending stiff-
ness + 30% [19, 
34] 
0.3 [19] (** - 2 
times decrease) 
+200% [19, 34] 
 
 Size of reinforcement nanoparticles may vary from 1 
to 100 nm in diameter and length. The number of CNT 
walls and their size affect on stress concentration in the 
composite [29] and thus short and even round particles 
are the strongest ones (diamonds etc.), but longer fibres 
are flexible and may be worth for damping while CNT 
may particularly act as a simple nanoscale spring and a 
crack trapping nanomaterial blocking the holes in the 
composites [30, 31]. Such a damping phenomenon could 
be multiplied by a factor of billions when CNTs are dis-
persed in a material.  
 Orientation and geometry (waviness) of CNT parti-
cles may affect mechanisms of energy dissipation/fracture 
mechanics and maximum stiffness is achievable at 900 
longitudinal CNT orientations [25, 29].  Notably 
those open-end CNTs do not collapse/failure/buckle due 
to higher stress concentrations while many authors [12, 
22-31] have used closed-end CNT-reinforced composites. 
Thus isolated single-walled open-end nanotubes (SWNT) 
may be desirable for the future damping applications due 
to significant load-bearing ability in the case of CNT-
matrix interactions. Defects of carbon particles likely 
limit the performance [23-27].   In a future CNT may 
serve as a storage container for sealant or multi-purpose 
particles of another material [13, 24]. CNT dispersion 
should be optimized for damping at 1-5% volume content 
because of carbon fibre conglomeration at higher vol-
umes [32, 35], but 60 wt% CNT concentration in polymer 
was modelled [35]. The main disadvantage of CNT dis-
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persion is that it involves a large uncertainty to desired 
damping effect due to nanoparticles. Dynamic and damp-
ing properties of such the composite material are still at 
the beginning stage and CNT-phenomenon in vibration 
damping/dynamics should be investigated as a function of 
temperature, amplitude and frequency across the length 
scale.   
 Topics that could yield particular success for damp-
ing in the future include  
 1. Micro and nano-scale damping materials: polymer 
materials show the effect that extra energy dissipating 
motion of nanoparticles/molecules can have on the damp-
ing, strength and dynamics of material. Molecule-level 
mechanisms could give novel properties and nanoscale 
reinforcement might show novel damping phenomenon. 
A foam material based on nanoparticle dampers might 
give exceptional, temperature independent damping and 
negligible added weight.  
 2. Optimisation methods: Most damping systems re-
quire optimisation. Current material models [5-7, 12-19, 
25-36] are too cumbersome to allow damped systems to 
be optimised effectively. Critical issues related to 
nanoparticle-reinforced materials include need to develop 
an affordable, reproducible computational methods to 
model/predict damping properties of the materials. Ad-
vanced FEM-based modelling and modal strain energy 
approaches [20] could be one way to achieve this. Sys-
tems that include statistical variation would reduce the 
sensitivity “optimised” solutions to parameters. Thus 
main goal of our joint team is the development, and vali-
dation of the computational tools and algorithms required 
to model/predict the damping properties of materials rein-
forced with nanoparticles/fibres/tubes etc. over broader 
operating ranges in frequency, amplitude and tempera-
ture. 
 3. Low-cost damping systems: while many of the 
novel materials give excellent performance, industries 
such as domestic appliances have a need for damping that 
is cheaper than current bitumen-based coatings. Research 
into the damping properties of low-cost materials is re-
quired; air and sand have already been used and require 
further application to nanoscale materials to yield signifi-
cant damping. 
 The critical issues to be considered include: (a) 
choice between nanotubes and related materials (SWNTs 
and MWNTs, BN or SiC nanotube) for vibration damp-
ing; (b) tailoring the nanotube/matrix interface with re-
spect to the matrix; (c) orientation and architecture of the 
nanotubes in matrix, its dispersion and the control of the 
nanotube/matrix bonding. Multiscale vibration damping 
modelling and computational simulation of materials with 
nanoscale reinforcement is still remaining a challenge.  
 
 
3. MODELLING APPROACHES 
 
In this paper, our idea stems from those carbon-based ma-
terials (nanotubes) have some similarities between the 
molecular model of a nanotube and the structure of a 
frame building. In a carbon nanotube, carbon atoms are 
bonded together by covalent bonds. These bonds have 
their characteristic bond lengths and bond angles in a 
three-dimensional space. Thus, it is logical to simulate the 
deformation of a nanotube based on the method of classi-
cal structural mechanics [11-15, 38]. In following sec-
tions, we first establish the bases of this concept and then 
demonstrate the approach by a few computational exam-
ples. 
Basic equations of motion can determine the orienta-
tion of a single particle that is suspended in a viscoelastic 
medium such as polymeric material. The particle is re-
garded as a rigid body. The actual position of each point 
of a body, in relation to a frame of reference, is specified 
with the help of its position vector. The interaction be-
tween nanoparticles and matrix consists of two parts: the 
interpolation of the nanoparticle grid velocity v(x, t) onto 
the structural nodal velocities vs (xs, t) and the distribu-
tion of the nanoparticle structural interaction force f FSIs 
(Xs, t) onto the matrix f FSI (x,t) as shown in fig. 2. 
 
 
P (t)
 
Fig. 2. Reference and actual position coordinates of the 
points of a rigid body 
 
For the motion of a rigid body six degrees of free-
dom must be considered (e.g. [2]). In the case of cylindri-
cal body with mass m, radius R and length H, tensor C0 is 
transversally isotropic and can be shown in the form as 
follows [Holm]: 
 
))(3(
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The computational domain Ω are described with the 
time invariant position vector x; the solid positions in the 
initial configuration Ωso and the current configuration Ωs 
are represented by Xs and xs (Xs, t), respectively. The 
movement parameters of the particle are defined in the 
table 2. 
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Table 2: Nomenclature of the computational technique 
 Carbon-based 
material Do-
main (Ωf) 
Solid Domain 
(Ωs) 
Spatial coordi-
nate 
x xs
Displacement - us = xs − Xs
Velocity v vs = dus/dt = ˙ us
Acceleration - 
as = d2us/dt2 =  
..
su
);()2(2 max2max z
m
znnlrU εεπτ −⋅=∆
;)2/(∫=
V
ijijdiss dVU εσ
 
It can be shown that the initial conditions of the 
components of rotation vector θ can be set as a function 
of time and thus the rotation tensor P(t) can be written as 
follows: 
 
EEP θθθ
θθθθ
θθ cossincos1)( 2 +×+⊗−=  
and with the vector of angular velocity w(t)=P·Ω, the 
above equation gives the solution of equation of particle 
motion. m0 is initial position that could be specified and 
was chosen as follows: 
⎟⎟
⎟
⎠
⎞
⎜⎜
⎜
⎝
⎛
=
1
1
1
3
1
0m
 
In both cases, the classical solution and the above 
presented model of motion, the course of a rotating parti-
cle is similar to those shown in Figure 3 (marked with 
circles). If interactions between the particle and the sur-
rounding medium occur, the tensor is C0 0. It can be 
shown that, if interactions are taken into consideration, 
the motion of the particle is slowing down. In Figure 4 
the line with circular symbols shows the motion if friction 
is neglected. The consideration of friction results in the 
line with triangular symbols. 
≠
The dynamic characteristics of the CNT-reinforced 
structure can be described by its eigenvalues and eigen-
vectors [23]. These establish the relation between loss 
factor, damping ratio and the structural deformation. The 
equilibrium of the damping structure can be described by 
the following equation in matrix form and then solved by 
FEM-based approach [9-13] for the 2 degree of freedom 
system: 
 
1
11.1.. +
+++
∆=∆+∆⋅+∆⋅ n
n
n
n
n
n
FDKDCDM  (1) 
 
where the superscript n and n+1 are the incremental steps; 
M is the mass matrix; Cn and Kn are the damping and 
stiffness matrices at the nth step, respectively. The vec-
tors ∆Dn+1 and ∆Fn+1 are displacement and force at the 
(n+1)th step, respectively. 
 
 
Fig. 3. Rotation track of the particle in the interval 0s ≤ t 
≤ 5s; circles without friction; triangles with friction 
 
 The average value of surface strain is used to repre-
sent structural deformation. Dissipated energy due to fric-
tion is equivalent to the frictional shear force the differen-
tial displacement between carbon fibre and a matrix [24]. 
The full energy dissipation, energy dissipation and loss 
factor for one loading cycle can be found respectively as 
follows: 
          
 (2) 
 
 
 
where indexes are related to m is matrix material, max is 
maximum displacement, n is nanoparticle, diss is dissipa-
tion energy, ε is strain, and  τ is shear stress.  
 Substituting the matrices in the Eq. (1) by corre-
sponding matrices given by the Eqs. (3), the fully inte-
grated set of equations can be obtained for prediction of 
damping behaviour of the CNT-reinforced system. The 
stiffness matrix for the Eq. (1) has been established as 
shown in [9-13, 26]. The mass and damping matrices of 
the CNT-reinforced material (Fig. 1e) can be found with 
the following consideration. If the mass per unit length 
(m) is constant along the length of material, it can be 
taken out of the integral equation. The mass matrix of the 
material is fully populated. If loaded along the axes, Z 
and assumed two degree of freedom ∫ψbψbdx=L [26], the 
matrices can be written in the symmetric form as follows: 
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 where ν is Poisson ratio in three-dimensional space (x, 
y, z), a is coefficient defined as follows: 
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 Damping behaviour of CNT-reinforced polymeric 
material can be investigated further at resonance frequen-
cies between 10Hz and 10,000Hz band. The damping 
performance could be determined by Modal Strain En-
ergy analysis [25] and laser vibrometry, and then com-
pared to the predicted numbers by the Egs. (1-2). How-
ever, it will not be considered in this paper.  
  
6. CONCLUSION 
 
Nanoparticles/tubes can be used as a reinforcement of a 
matrix to provide multi-functionality, and thus we need to 
create an environment (knowledge) to introduce nanoma-
terials widely in industry. Commercial utilisation of a 
damping technology depends from both technical per-
formance and business environment for that. This has of-
ten been seen to be a limiting factor in the utilisation of 
novel material/technology. The principal conclusions are 
that by invoking the properties of nano-auxet-
ics/nanostructures it is possible to control the 
wave/sound/vibration propagation in the material and en-
hance the energy dissipation that can assist in improving 
the inherent damping of materials, but an extensive ex-
perimental/theoretical environment is required to apply it. 
 The mechanisms involved in such materials need to 
be understood and the relevance to damping identified. 
 The ongoing technology/material design multi-
University project at the core of the concept is a nanopar-
ticles/fibres/tubes-reinforced composite material and coat-
ing technology with regard to extensive dynamic charac-
terization and modelling that includes two key elements: 
computational simulation and engineering workbench 
tools. The manufacturing design comprises several steps 
for tailoring the nanoparticle-matrix interface, dispersion 
and orientation including control over related technologi-
cal parameters.  Plausible aerospace/automotive-ori-
ented damping materials of the next generation may be 
CNT-reinforced metallic foams, CNT-reinforced poly-
meric materials and CNT-reinforced ceramic coating ma-
terials. Selection of nanoparticle reinforcement depends 
on their price and production volume. 
 
7. ACKNOWLEDGEMENTS 
 
Support of the research work by the Royal Society in the 
United Kingdom and the WELCH scholarship adminis-
tered through the Amer. Vac. Soc. / Int.-l Union for Vac. 
Sc., Tech. and Applications in the U.S.A. and Europe is 
gratefully acknowledged. Dr. Bochkareva is currently 
continuing her research work under the EU INTAS 2005-
2007 postdoctoral fellowship Ref. Nr 04-83-3067. Fur-
ther research work is also being supported by Marie-
Curie Fellowship Ref. # 021298-Multiscale Damping at 
the Rolls-Royce Center in Damping Technology, the 
University of Sheffield in the U.K. It should be noted that 
the views expressed in this paper are those of the authors 
and not necessarily those of any institutions. 
 
8. REFERENCES 
 
[1] T.R. Chung, “Materials for damping“ Journal of Materials 
Science 36, pp. 5733 – 5737 (2001). 
 
[2] C.E. Harris, M.J. Shuart, and R.Hugh, Survey of Emerging 
Materials for Revolutionary Aerospace Vehicle Structures & 
Propulsion Systems (NASA Langley Res. Center, Hampton, 
USA, 2002), p.175. 
 
[3] R.Chandra. “Damping materials: review.“  Journal of 
Sound and Vibration 262, pp. 475–496 (2003).   
 
[4] J.J. Hollkamp and R.W. Gordon, “Damping investigations 
in material design and structures”, Smart Mater. & Struct. 5(5), 
pp. 715-223 (1996). 
 
[5] P. Westmoreland (ed). Applications of Molecular and 
Materials Modeling. // Final Report, Baltimore, Maryland, 
USA, 2002. 
 
[6] R.W. Siegel, E. Hu, M.C. Roco (eds.), Nanostructure 
Science and Technology: A Worldwide Study (IWGN, NSTC, 
USA, 1999), p. 250 
 
[7] C.Q. Ru, Encyclopedia of nanoscience and nanotechnology 
(Amer. Scientif. Publish., USA, 2003), p. 520. 
 
[8] P.F. Harris, Carbon Nanotubes and Related Structures 
(Cambridge Univ. Press, Cambridge, 1999), p.540. 
 
M.V. Kireitseu, G.R. Tomlinson, et al. 
Vibration Damping Properties of Nanoscale-Reinforced Materials 
 
[9] T. Talay, Systems Analysis of Nanotube Technology 
(NASA, Washington, D.C., 2000), p. 240. 
 
[10] R.DeBatist, “Intrinsic structural properties of materials”, J. 
de Physique (Paris), Colloque C9, 44(12), pp. 39-45 (1983). 
 
[11] A. Kelly, “Interface effects and the work of fracture of fi-
brous composites“, Proceedings of the UK Royal Society A 344, 
pp. 287–302 (1970). 
 
[12] X. Zhou, E. Shin, K.W. Wang, C.E. Bakis, “Interfacial 
damping characteristics of carbon nanotube-based composites,“ 
Compos. Sci. Technol. 71, pp. 1825–1831 (2004). 
 
[13] B. Bhushan (ed.), Handbook of Nanotechnology (Springer-
Verlag, New York, USA, 2004), p. 1220.  
 
[14] S.A.Nayfeh, M.J.Verdirame, K. Varanasi, „Damping 
properties of aluminum foam composites“. Journal of Sound 
and Vibration 214, 320-325 (2001). 
 
[15] Y.Deming, Y. Xinfang, P. Jin, „Tensile and bending 
properties of carbon nanotubes“, Journal of Material Science 
Letters 12, 252–263 (1993). 
 
[16] Y.K. Favstov, L.V. Zhuravel, L.P.Kochetkova, 
„Continuous yarn fiber-reinforced aluminium composites 
prepared by the ultrasonic liquid infiltration method“, Metal Sci. 
and Heat Treatment 45(11–12), 16–18 (2003). 
 
[17] D.M.Wilson, J.A. DiCarlo, H.M.Yun, ASM Engineered 
Materials Handbook, Vol.1 (2001), p. 340. 
 
[18] S. Patsias, C. Saxton, M. Shipton, “Damping properties of 
hard coatings”, Materials Science and Engineering A 370, pp. 
412-416 (2004). 
 
[19] N. Koratkar, B. Wei, P.M. Ajayan, “Multifunctional 
structural reinforcement featuring carbon nanotube films”, 
Compos. Sci. Technol. 63, pp. 1525–1531 (2003). 
 
[20] G.R. Tomlinson, D. Pritchard and R. Wareing, „Damping 
characteristics of particle dampers – some preliminary results,“ 
Proceedings of I. Mech. Eng. Part C 215, pp. 253-257 (2001).  
 
[21] M. Kireitseu, „Rheological properties of hard oxide ceram-
ics modified by ultra dispersed diamonds or CrC“, J. of 
Particulate Sci. and Technol. 20(3), 20-33 (2003).  
 
[22] S. Peeterbroeck et al., Compos. Sci. Technol. 68, pp. 1627–
1631 (2004). 
 
[23] F.H. Gojny et al., „Surface modified multi-walled carbon 
nanotubes in CNT/epoxy-composites“, Chemical Physics 
Letters 370, 820–824 (2003). 
 
[24] F.H. Gojny et al., Compos. Sci. and Technol. 64, 2363–
2371 (2004). 
 
[25] C.A. Coopera et al., „Distribution and alignment of carbon 
nanotubes and nanofibrils in a polymer matrix“, Compos. Sci. 
and Technol. 62, pp. 1105–1112 (2002). 
 
[26] E.C. Botelhoa et al., „Mech. behaviour of carbon fibber re-
inforced polyamide composites“, Comp. Sci. and Technol. 63, 
1843–1855 (2003). 
 
[27] S.B. Sinnott, J. Nanosci. Nanotechnol. 2(2), 113–123 
(2002). 
 
[28] V.T. Bechel, R.Y. Kim, Compos. Sci. and Technol. 64, 
1773–1784 (2004). 
 
[29] J. Sandler, M.S.P. Shaffer, A.H. Windle, et al., Phys. Rev. 
B 61, 301-305 (2002). 
 
[30] J.L. Rivera, C. McCabe, and P.T. Cummings, „Oscillatory 
Behaviour of Double-Walled Nanotubes under Extension: A 
Simple Nanoscale Damped Spring“, Nanoletters 3(8), pp. 1001-
1005 (2003). 
 
[31] C. Li and T.W. Chou, „Single-walled carbon nanotubes as 
ultrahigh frequency nanomechanical resonators“, Phys. Review 
B 68, pp. 403-405 (2003). 
 
[32] O. Qizn, E. Dickey, R. Andrews, T. Rzntell, Аррl. Phys. 
Letters 76(20), pp. 2868-2870 (2000). 
 
[33] Y.N. Hu, C.Y.Wang, „Single-walled carbon nanotube-
polymer composites: strength and weakness“, Key Eng. 
Materials 259-260, pp. 141-145 (2004). 
 
[34] N. Koratkar, B. Wei, P.M. Ajayan, “Damping behaviour of 
CNT-reinforced epoxy thin films”, Adv. Mater. 14(13-14), pp. 
997–1000 (2002). 
 
[35] G.M. Odegard et al., „Equivalent continuum modeling of 
nano-structured materials“, Compos. Sci. and Technol. 64, pp. 
1011–1020 (2004). 
 
[36] A.H. Barber et al., Compos. Sci. and Technol. 62, 856–862 
(2004). 
 
[37] G.D. Zhan et al., Appl. Phys. Letters 83, pp. 1228-1231 
(2003). 
 
[38] M. Kireitseu, D. Hui, V. Kompiš, L. Bochkareva and H. 
Altenbach. “Continuum mechanics approach and computational 
simulations of nanoscale materials”, Fullerenes, Nanotubes and 
Carbon Nanostructures, Marcel Dekker Press, Taylor & Fran-
cis, USA, vol. 10, 2005. 
